The signalling molecule 1-(3,5-dichloro-2,6-dihydroxy-4-methoxyphenyl) hexan-1-one (DIF-1) is required for differentiation and pattern formation in Dictyostelium discoideum development. DIF-1 is synthesized by three enzymes, a hybrid polyketide synthase, a flavin-dependent halogenase, and a des-methyl-DIF-1 methyltransferase. The genome data on the related species D. purpureum are now public. Using this genome information, des-methyl-DIF-1 methyltransferase of D. purpureum was identified, and was named Dp dmtA. Overexpression of Dp dmtA complemented the defects in basal disc formation and lower cup formation in a dmtA knock-out mutant of D. discoideum. This indicates that Dp dmtA has the same function as D. discoideum dmtA and compensates for loss of the dmtA gene in the D. discoideum dmtA mutant. The materials released in the medium by D. purpureum contained stalk-inducing activity with the same retention time as that of DIF-1 in HPLC fractionation. This indicates that the stalk-inducing signal of DIF-1 and des-methyl-DIF-1 methyltransferase are conserved in D. purpureum.
The signalling molecule 1-(3,5-dichloro-2,6-dihydroxy-4-methoxyphenyl) hexan-1-one (DIF-1) is required for differentiation and pattern formation in Dictyostelium discoideum development. DIF-1 is synthesized by three enzymes, a hybrid polyketide synthase, a flavin-dependent halogenase, and a des-methyl-DIF-1 methyltransferase. The genome data on the related species D. purpureum are now public. Using this genome information, des-methyl-DIF-1 methyltransferase of D. purpureum was identified, and was named Dp dmtA. Overexpression of Dp dmtA complemented the defects in basal disc formation and lower cup formation in a dmtA knock-out mutant of D. discoideum. This indicates that Dp dmtA has the same function as D. discoideum dmtA and compensates for loss of the dmtA gene in the D. discoideum dmtA mutant. The materials released in the medium by D. purpureum contained stalk-inducing activity with the same retention time as that of DIF-1 in HPLC fractionation. This indicates that the stalk-inducing signal of DIF-1 and des-methyl-DIF-1 methyltransferase are conserved in D. purpureum.
Key words: cellular slime mould; polyketide; methyltransferase; 1-(3,5-dichloro-2,6-dihydroxy-4-methoxyphenyl) hexan-1-one (DIF-1)
Dictyostelium is a social amoeba that lives as a unicellular organism and consumes bacteria and yeasts in the soil. Starvation triggers a cAMP-mediated aggregation response and the developmental program of Dictyostelium cells. The amoeba starts life as a multicellular organism and makes a mound where it begins differentiation. Differentiation into prespore and prestalk cells occurs at random positions in the mound. The differentiated cells separate and form anterior prestalk and posterior pre-spore zones in the slug. In its final morphological form, the fruiting body consists of a spore mass atop vacuolated stalk cells. 1) There are approximately 100 species of Dictyostelia, which are subdivided into four groups based on the sequence of the small subunit of ribosomal RNA andtublin.
2) Schaap et al. found that the dominant evolutionary trend was increasing size and specialization of the cell types of the fruiting body structures. The model organism D. discoideum belongs to group 4, which diverged most recently. The species in group 4 use cAMP as a chemoattractant and possess cellular supports for the stalk, which enables them to form taller fruiting bodies than the other groups. For example D. discoideum has a basal disc. D. purpureum also is a member of group 4, but is in a different branch of the phylogenic tree than the standard laboratory species D. discoideum. D. purpureum shows a different developmental morphology from D. discoideum. The striking feature of D. purpureum morphology is that the slugs make stalk cells when they migrate to a new location. Hence, D. purpureum slugs drag the stalk behind them. When migration is complete, the stalk stands vertical and the sorus forms. D. purpureum fruiting bodies have triangular supporting structures that support the stalks. The sori of D. purpureum turn purple as they mature. On the other hand, D. discoideum fruiting bodies are supported by basal discs that are induced by DIF-1 3) and have yellow sori. Cell differentiation in D. discoideum is controlled in part by polyketides. The most well-studied polyketide that regulates D. discoideum development is DIF-1.
4)
DIF-1 is a chlorinated alkyl phenone that induces prestalk and stalk cell formation and represses the expression of prespore genes.
5) It has a dedicated biosynthetic pathway that has been characterized completely.
6) The C12 polyketide skeleton, (2,4,6-trihydroxyphenyl)-1-hexan-1-one (THPH), is made by the SteelyB enzyme, a hybrid-type polyketide synthase (PKS) that is a fusion of type I and type III PKSs. 7) To the best of our knowledge, this unique enzyme has been identified only in slime moulds. The second step in DIF-1 biosynthesis is the dichlorination of THPH. This dichlorination step is regulated by O 2 and flavindependent halogenase.
8) The enzyme was identified recently with the help of genome information. The last step of DIF-1 biosynthesis is regulated by des-methyl-DIF-1 methyltransferase. This enzyme was identified in 2000, and the knock-out mutant of the gene helped to establish the concept of a DIF-1-less phenotype.
9)
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10) The objective of the present study was to determine whether DIF-1 and its biosynthetic pathways are conserved in related Dictyostelium species in group 4. To answer this question, we focused on, D. purpureum whose genome information is now public. We identified Dp dmtA, which regulates the last step of DIF-1 biosynthesis, using the genome information, and found that it had des-methyl-DIF-1 methyltransferase activity. Finally we identified stalk cell-inducing activity that had the same retention time as DIF-1 in the HPLC fractions from a conditioned medium of D. purpureum.
Materials and Methods
Strains and cell culture. A wild-type strain of D. purpureum and the D. discoideum V12M2 strain (the kind gift of Dr. Robert R. Kay) were grown in association with Klebsiella aerogenes on SM agar plates. Mutant strains derived from D. discoideum Ax2 were grown in axenic medium. The knock-out strain of des-methyl-DIF-1 methyltransferase, HM1030, (also the kind gift of Dr. Robert R. Kay) was grown with 10 mg/mL of blasticidin, and the overexpressing mutant strains were grown in axenic medium with both blasticidin and G418 (10 mg/mL). The phenotypes of the strains were examined using a microscope (Olympus SZX7, Olympus, Tokyo, Japan) attached to a digital system (Shimadzu Moticam 2000, Shimadzu, Kyoto, Japan).
Nucleic acid analysis. The D. purpureum genome database was searched to find homologus genes involved in DIF-1 biosynthesis.
11)
DPU-G0059824 was identified as a homolog of the dmtA gene that encodes for des-methyl-DIF-1 methyltransferase. The genomic DNA of D. discoideum and D. purpureum were purified using ISOPLANT (Nippon Gene, Toyama, Japan) following the manufacturer's instructions. Genome DNA was used as PCR template in amplifying the target gene.
Primers, Dp dmtA F and Dp dmtA R, were used to amplify the DPU-G0059824 gene found in the D. purpureum genome ( Table 1) . The amplified PCR product was ligated in pGEM T-easy vector (Promega, Madison, WI), and the sequence of the insert was determined by DNA sequencing analysis. This showed the entire sequence to be as expected. The plasmid was digested with EcoRI and the insert was purified and ligated in the pDEX-RH vector, which was then digested with EcoRI to generate an overexpression construct. D. discoideum HM1030 cells were transformed with the overexpression construct by a method described previously. 12, 13) A PCR primer set was designed to amplify unique sequence (Table 1) . For RT-PCR, the total RNA obtained at each time point was extracted using an RNeasy kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. RT-PCR was performed with a Onestep RT-PCR Kit and/or RT-PCR (AMV) Kit (Takara Bio, Otsu, Japan). The RT-PCR conditions were as follows: one cycle of 30 min at 50 C for reverse transcription, one cycle of 2 min at 94 C followed by 22 cycles of 40 s at 94 C, 40 s at annealing temperature, and 30-70 s at 68 C for extension. The details of the primer sets, annealing temperatures, and sizes of the products are summarized in Table 1. RT-PCR products were subjected to 1% agarose gel electrophoresis to evaluate the expression profile. Total RNA was used as loading control.
Detection of DIF-1 activity. Cells were harvested in late log phase and allowed to develop for 1-3 d on filter paper supported by a stainless-steel mesh whose undersurface was in contact with phosphate buffer and Amberlite XAD-2 resin beads in order to bind non-polar compounds. 14) After complete development, the beads were collected and extracted with ethanol. The extracted samples were concentrated by rotary evaporation, suspended in 40% methanol, and filtered using a DISMIC 13HP filter (Advantec, Tokyo, Japan). The filtered samples were analyzed by reverse-phase HPLC (TSK gel ODS-120T, 4.6 mm I.D. Â 25 cm, TOSOH, Tokyo, Japan), and eluted at 1 mL/min for 1 h using a gradient of 40%-100% methanol containing 2% acetic acid. To measure stalk cell-inducing activity, the fractions were analysed by monolayer assay with D. discoideum V12M2 cells as tester cells.
15)

Results and Discussion
Identification of the des-methyl-DIF-1 methyltransferase homolog in D. purpureum
The genomic details for D. purpureum have been published, and the whole genome data are now publicly available. 11) With this genome database, we found that all three genes (Steely PKS, halogenase, and methyltransferase), which are homologous to those regulating the biosynthetic pathway for DIF-1, were conserved in the D. purpureum genome. Gene ID DPU-G0070338 was found to be a homolog of stlB gene, and showed 54% identity to D. discoideum SteelyB in amino acid sequence. Gene ID DPU-G0075574 was found to be a homolog of chlA halogenase gene, and showed 79% identity to D. discoideum ChlA halogenase in amino acid sequence.
One of these genes, we focused on gene ID DPU-G0059824 as a homolog of dmtA, the des-methyl-DIF-1 methyltransferase gene in D. discoideum. The amino acid sequences showed 68.1% identity between dmtA and DPU-G0059824. Figure 1A shows the expression profile of DPU-G0059824. The expression of the DPU-G0059824 gene is developmentally regulated. Bands of RT-PCR were detected from 8 h, when the cells make aggregates, to the last stage of development. Though the development of D. purpureum is slightly slower than that of D. discoideum, at about 12 h, D. purpureum cells make tips in the mound, and at 16 h, they make slugs. Our results for RT-PCR were almost the same as those shown in dictyExpress, the RNA sequence database of D. purpureum.
16) Although dmtA methyltransferase is highly specific for its substrate, mRNA of dmtA was detected even at the last stage of development. 9) This is the same, as for Dp dmtA, and the RT-PCR band was detected the last stage of development.
Functional analysis of Dp dmtA
To determine whether Dp dmtA is active as a desmethyl-DIF-1 methyltransferase, we examined the activity of Dp dmtA in the D. discoideum mutant. HM1030 lacks the des-methyl-DIF-1 methyltransferase gene and as a result lacks DIF-1. This leads to major defects in its development. These defects can be repaired Dp dmtA F and R were used in genomic PCR to amplify the coding region of Dp dmtA. Dp dmtA F-2 and R-2 were used in RT-PCR.
by adding 100 nM DIF-1 to the agar. If Dp dmtA is active as des-methyl-DIF-1 methyltransferase, the expression of Dp dmtA in HM1030 might repair the defects in HM1030 cells.
To examine the function of Dp dmtA as des-methyl-DIF-1 methyltransferase, the HM1030 mutant was transformed with a construct that constitutively expresses the Dp dmtA gene under the control of an actin promoter. Transformation was confirmed by genomic PCR with Dp dmtA F-2 and R-2 primers (Fig. 1B) . No band was detected with Ax2, a wild-type strain of D. discoideum, or with HM1030 cells derived from the Ax2 strain. This indicates that the primers we used amplified only Dp dmtA, and not its homolog, D. discoideum dmtA. A specific band was detected using genomic DNA isolated from D. purpureum and with a Dp dmtA transformant with an HM1030 background. Based on this, we decided to use the Dp dmtA overexpressing transformant with an HM1030 background in a further experiment. The mutant is called Dp dmtA OE. Expression of the Dp dmtA gene in the Dp dmtA OE mutant was confirmed by RT-PCR. RNA was collected from the cells at the vegetative (t0) and slug (t16) stages. Figure 1C shows the results of RT-PCR for each strain. Since the expression of Dp dmtA is developmentally regulated, a band was detected in D. purpureum only at t16, not at t0. As expected, no band was detected when HM1030 cells were used. The Dp dmtA OE mutant showed strong bands, at both t0 and t16, indicating that RT-PCR confirmed the constitutive expression of Dp dmtA.
It has been reported that DIF-1 regulates the formation of the basal disc and, partially, the lower cup in the fruiting body of D. discoideum, and that DIF-less mutants exhibit a distinct phenotype that lacks a basal disc and has fewer lower-cup cells. 3, 17) Figure 2A shows the fruiting body morphologies of the various strains. The Ax2 strain possessed a basal disc that supports the stalk. On the other hand, the stalk of the HM1030 cells lay down on the agar and the spore mass often slipped down to the base of the stalk (Fig. 2B) . The Dp dmtA OE cells repaired these defects, resulting in almost the same phenotype as observed in the Ax2 strain. The strain had a clear basal disc (Fig. 2B ) and the spore mass remained atop of the stalk, indicating that Dp dmtA OE has a lower cup. As mentioned above, DIF-1 induced basal discs and partially lower cups, 3) and hence we decided to focus on the basal disc as an indicator of repair of the defects. Figure 3 shows the recovery rate for basal disc formation of the mutant. Microscopic analysis showed that more than 90% of the Ax2 strain had a clear basal disc, whereas only 8.3% of the HM1030 cells possessed this characteristic.
The Dp dmtA OE mutant showed the same ratio of clear basal disc as Ax2, and it showed 100% recovery (91.8%/90.4%). Since this mutant had the spore mass on top of the stalk, the defect in the lower cup also appeareded to be repaired. It has been reported that dmtA methyltransferase in D. discoideum has very strict specificity and exhibits activity only for dichloro-THPH, not for THPH or DIF-3.
9) This repair of basal disc formation in the Dp dmtA OE mutant is assumed to represent of DIF-1 production by complementation of des-methyl-DIF-1 methyltransferase activity.
To determine whether the Dp dmtA OE mutant recovered the production of DIF-1, we examined stalk cell-inducing activity in a conditioned medium of Dp dmtA OE mutant. Stalk cell-inducing compounds were separated from the medium supporting development. The cells were developed on filter paper bathed in a phosphate buffer containing XAD-2 resin, which binds many released metabolites. After elution of the bound compounds from the resin and extraction into 40% methanol, we examined the stalk-inducing activity of D. discoideum V12M2 as tester cells.
15) The eluent of the Dp dmtA OE mutant showed the same stalk-inducing activity as the Ax2 strain. On the other hand, the HM1030 cells showed no stalk-inducing activity (Fig. 4) .
Detection of stalk-inducing activities in D. purpureum By the cell biological method, we examined to determine whether D. purpureum produces DIF-1. XAD-2 resin eluent from 3{5 Â 10 10 cells was used, extracted with 40% methanol and separated by reversephase HPLC. Individual fractions were analysed by monolayer assay, a standard assay for morphological stalk-cell formation. 15) Figure 5 shows HPLC separation of the conditioned medium from D. purpureum. HPLC separation revealed several stalk-inducing activity peaks (Fig. 5) . One of the peaks was eluted at exactly the same retention time as DIF-1 (fraction no. 51) in our HPLC system. Several stalk-inducing activities different from those of DIF-1 have been identified in conditioned medium of D. discoideum. 18) Since we used D. discoideum V12M2 cells as tester cells in our stalk-cell assay, we can not exclude the possibility that V12M2 cells did not respond to the species-specific stalk-inducing factors of D. purpureum.
Our data strongly suggest that D. purpureum produces DIF-1 and that Dp dmtA exhibits O-methyltarnsferase activity that regulates the final step of DIF-1 biosynthesis. In D. discoideum, DIF-1 was found to induce basal disc and the lower cup formation in the fruiting body. On the other hand, D. purpureum did not form a basal disc, and its developmental cell fate could not be examined. Isolation of a DIF-1-less mutant is the next step required to determine the function of DIF-1 in the development of D. purpureum. For this purpose, Dp dmtA is a good target to construct a knock-out mutant and to examine the developmental function of DIF-1 in D. purpureum. The concentration of XAD-2 materials from Ax2 ( ) and Dp dmtA OE ( ) was equivalent to 3:8 Â 10 7 cell/mL. In the case of HM1030 ( ), 10-times concentrated XAD eluent was used. 1 Â 10 À7 M DIF-1 ( ) was used as control. Activity was analysed by monolayer stalk cell assay. Major stalk cell-inducing activity was detected that corresponded to fraction 51, which had exactly the same retention time as chemically synthesized DIF-1 (1-(3,5-dichloro-2,6-dihydroxy-4-methoxyphenyl)hexan-1-one.
